Although the demand for aesthetic restoration of primary molars has increased, the full-crown restorations using resin and the details of the wear characteristics of trimethylolpropane trimethacrylate (TMPT) filler containing resins for primary molars are not well understood. This study was conducted to determine whether new light-cured composite resin (Fantasista) and 4-META/MMA-TBB resin (Bondfill SB) are appropriate for full crown restoration of primary molars by evaluating their wear characteristics. Both resins products contain TMPT filler. The properties of the resins were evaluated through in vitro impacting-sliding wear tests; the wear properties of the opposing enamel specimens used in the tests were also studied. The properties of the resins were compared with those of Litefill, MetafilC, and Clearfil FII, which had been evaluated previously. Fantasista exhibited simple shape of wear that was suggestive of a higher wear resistance than that of Litefill. Fantasista caused the least damage to the antagonistic primary enamel.
INTRODUCTION
Preformed stainless steel crowns (SSCs) have traditionally been used for the full crown restoration of primary molars with severe caries, in particular for those subjected to endodontic treatments. However, the demand for aesthetically pleasing restorations has been increasing steadily. In recent years, preveneered SSCs 1) are being used for the esthetic crown restorations of primary molars. Nevertheless, clinical reports indicate that the veneer readily chips away from the surfaces of such SSCs after four years 2) . Although composite resins are good for use in the full crown restoration of primary molars as they can satisfy the aesthetic expectations of younger patients, it has long been thought that composite resins are not suitable materials for the full crown restoration of primary molars because they do not exhibit wear resistance similar to those of primary enamel. In addition, they are considered to be harder than primary enamel, and therefore, when used in full crown restorations, should result in the considerable attrition of the opposing primary teeth. In fact, when using the conventional composite resins in clinical reports, a significant amount of wear was observed on the primary enamel or composite resin or both. The problem has been posed clinically 3, 4) . Longitudinal 24-month follow-up study of eight cases has been reported full-crown composite resin restorations for primary molars, evaluating the clinical outcomes of the restorations reported that there were not the problem and it functioned well in children 5) . Using the indirect composite onlay restorations in a 4-year-old patient in primary molars until exfoliation in clinical case report, during the 4-year evaluation the indirect composite onlay restorations functioned well in primary molars 6) . The authors deem that use of composite resins in the full crown restoration of primary molars is a potential alternative treatment method and should satisfy the aesthetic expectations of child patients and their family, but only if the resins have the optimal wear resistance and cause wear of the enamel of the opposing teeth similar to or less than that under physiological conditions. The primary tooth crowns usually undergo physiological attrition with the aging as a characteristic physiological phenomenon. The wear characteristics of composite resins do not necessarily have to be the same as those of permanent teeth. Therefore, in a previous study, we had determined the wear characteristics of occluding enamel and of composite resin materials and had also evaluated the wear characteristics of enamel-enamel specimens as controls that were thought to be appropriate for the full crown restoration of primary molars 7) . Moreover, we had found that light-cured resin composites were more suitable for the full crown restorations of primary molars than were hybrid or chemically cured resins 7) . In addition, we had found that the trimethylolpropane trimethacrylate (TMPT) filler-containing resins product, Metafil C (MC) (Sun medical, Shiga, Japan), showed the smoothest worn surface and resulted in few cracks on the wear surfaces 7) . The microfiller composites Metafil C demonstrated significantly less wear than the hybrid and micro hybrid composite 8) . Other studies have also found that TMPT filler-containing resins do not cause significant damage to permanent enamel 9) . Previous studies had focused on the wear characteristics of occluding enamel and each composite resin materials that were thought to be appropriate for the full crown restoration of primary molars 7) . This study was conducted to determine whether new resins are appropriate for full crown restoration of primary molars by evaluating their wear characteristics. Thus, our study focuses on the wear characteristics of TMPT filler containing resin materials. In this study, the wear properties of a new light-curing composite resin product containing TMPT filler, Fantasista (FS, Sun medical), were evaluated through impacting-sliding wear tests. We also determined the wear properties of a new 4-methacryloyloxyethy trimellitate anhydride/methyl methacrylate-tri-n-butylborane (4-META/MMA-TBB) resin product, Bondfill SB (BF, Sun medical), which also contains TMPT as the filler. Finally, the wear properties of the enamel surfaces opposing to resin specimens were also determined. The wear characteristics of the two resins and the enamel surfaces were compared with those of Litefill IIP (LP) (Shofu, Kyoto, Japan) and MC, which have been investigated and compared with Clearfil FII (CF) (Kuraray Noritake Dental, Tokyo, Japan) in a previous study 7) ; it had been found that CF exhibited poorer characteristics than those of LP and MC. The data were then used to rank FS, BF, LP, MC, and CF on the basis of a scale suggested in the previous study. It is hypothesized that FS and BF show smooth worn surface and result in few cracks on the enamel wear surface that would be influenced by TMPT filler, and that FS and BF are thought to be appropriate for the full crown restoration of primary molars.
MATERIALS AND METHODS

Impacting-sliding wear test (ISWT)
The procedure for performing the ISWT has been described elsewhere 7) . During the three-body wear tests, hemispherical upper specimens were dropped on the flattened enamel surfaces of primary molars from a height of 1 mm with a load of 30 N and then horizontally slid for 1 mm before being raised back to their original position with up to 20,000 multiple cycles of the impacting-sliding action 7) . The specimens were tested using the system developed at the University of Alabama 10) ; in this system, the hemispherical upper specimens simulates a resin cusp and the lower specimen simulates a flattened enamel surface.
Sample preparation
Caries-free first and second primary molars were obtained from dental patients at the Tokyo Medical and Dental University. All the molars were extracted for clinical reasons and were stored in distilled water until use. First, the pulp chambers of the molars were filled with a flowable composite resin, Metafil Flo (Sun medical). FS and BF were used as the upper-specimen materials during the wear tests. As mentioned previously, CF, LP, and MC, which had been characterized in and earlier study 7) , were compared with FS and BF. Each group consisted of 10 specimens (n=10). The resins differed from each other in terms of the filler type, particle shape, particle size, filler content, and monomer type ( Table 1 ). The composition of BF is shown in Table 2 . The hemispherical upper specimens of FS were prepared using a quartz mold (Ishikawa techno, Tsukuba, Japan). FS were cured in the quartz mold by visible light radiation (Optilux 501, Kerr, Orange, CA, USA.) following the manufacturer's instructions 7) . The hemispherical upper specimens of BF were prepared using a silicon mold after being mixed. All the upper specimens were polished with a silicon bar and checked using a laser microscope for the presence of cracks, which could be formed during preparation. Flattened enamel surfaces of primary molars were used as the lower antagonistic specimens during the wear tests to simulate the molar occlusal surface. Mandibular first primary molars were used as the lower specimens; the cuspal side of buccal surface was employed in the tests as appropriate thickness could be obtained in this specific area. The sliding direction of the upper specimen was standardized as the mesio-distal direction of the buccal surface of the first lower primary molar.
Evaluation of upper specimens 1. Images of worn surfaces
The worn surfaces of the upper FS and BF specimens were examined using a scanning microscopy (SEM) (H-4500, Hitachi High-Technologies, Tokyo, Japan) and were statistically analyzed for significant differences (α=0.05) through multiple comparisons between the different treatments using the Bonferroni method.
Worn surface areas
The worn surface areas of the upper FS and BF specimens were imaged after every 5,000 cycles using a laser scanning microscope (1LM21, Lasertec, Tokyo, Japan).
Volumetric loss (VL) and Images showing VL
The changes in the volumes or VL of the upper FS and BF specimens were determined from microfocus X-ray computed tomography (micro-CT) (InspeXio SMX-90CT, Shimadzu, Kyoto, Japan) images of the samples. X-ray energy settings of 90 kV and 109 μA were applied to the upper specimen for a full 360 degree rotation 7) . After the samples were scanned, the image data were transferred to a workstation, and the VL values were calculated using a three-dimensional (3D) image analysis system (TRI/3D-BON, Ratoc System Engineering, Tokyo, Japan), which was set with 0.016 isotropic voxels 7) ( Fig. 1) . The VL values for each group were statistically analyzed by repeated-measures one-way analysis of variance (ANOVA) and Tukey's test for post hoc multiple pairwise comparisons (α=0.05).
The VL of the upper specimens corresponding to LP, MC, and CF had already been shown in the previous study 7) , but images showing the VL of the upper specimens of LP, MC and CF had not been obtained yet. Therefore, in this study, images showing the VL of the upper specimens corresponding to FS, BF, LP, MC, and CF were obtained using a 3D image analysis system (TRI/3D-BON, Ratoc System Engineering) (Fig. 1) .
This system was employed to analyze worn area three dimensionally.
Evaluation of lower specimens 1. Images of the worn enamel surfaces and the areas of wear on the enamel surfaces Images of the worn enamel surfaces of the lower FS and BF specimen were obtained using 3D laser scanning microscopy (VK-9700, 9710, Keyence, Osaka, Japan) with the magnification of 200-fold, and the long and short axes of the worn enamel surface areas were measured 7) . The areas of wear on the enamel surfaces were statistically analyzed by repeated-measures oneway ANOVA with Tukey's test (α=0.05).
Widths and depths of cracks on worn enamel surfaces
The widths and depths of the cracks formed on the worn enamel surfaces of the lower FS and BF specimens were calculated from the images of the specimens obtained using color 3D laser scanning microscopy (VK-9700, 9710, Keyence). Regression analysis and Pearson's correlation were used to correlate the width and the depth of the cracks, as illustrated by the regression equation. The regression equation for the worn surface area for each specimen was analyzed statistically.
Comprehensive evaluation and rankings of the materials
The worn surface areas and volumetric losses of the upper FS and BF specimens, as well as the areas of wear on the enamel surfaces and the widths and depths of the cracks formed on the worn enamel surfaces of the lower FS and BF specimens, were compared with the data obtained in the former study 7) . Each material was assigned a ranking for the parameters used to assess the wear characteristics.
This study was conducted with the approval of the Ethical Committee of Tokyo Medical and Dental University (No. 357).
RESULTS
On the whole, the data of FS and BF in this study were compared with CF, LP, and MC, which had been characterized in the previous study.
Upper specimens 1. Images of worn surfaces Figure 2 shows SEM images of the worn surfaces of the upper specimens. The FS specimens exhibited smooth wear and contained few facets. The BF specimens also exhibited smooth wear but contained a few facets. Figure 3 shows the changes in the areas of surface wear of the FS and BF specimens after every 5,000 cycles. The data for the LP, MC, and CF specimens were taken from our previous study 7) . After 20,000 cycles, CF showed significantly higher wear than did the other four materials (p<0.01). There were significant differences between BF and the other three materials (FS, LP, and MC) (p<0.01). However, there was no significant difference among FS, LP, and MC. Table 3 shows the VL values of FS and BF after 20,000 cycles. Again, the data for LP, MC, and CF were taken from our previous study 7) . There was no significant difference in the VL values among FS, BF, LP, and MC. However, there were significant differences between CF and the other materials (p<0.001). Figure 4 shows images of the VL of the FS, BF, LP, and MC specimens. The BF and LP specimens exhibited complex 3D wear. The FS and MC specimens also exhibited 3D wear but the shape of the worn area was simpler than that in the case of the BF and LP specimens.
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Lower specimens 1. Images of the worn enamel surfaces and the areas of wear on the enamel surfaces Figure 5 shows images of the worn enamel surfaces that were opposite the upper specimens during the wear tests. The observation of images of the worn enamel surfaces opposing LP indicated that the surface is rather rough and has some scratches. Images of the worn enamel surfaces opposing MC and FS showed that the surface is rather smooth but has a few scratches. On the other hand, images of the worn enamel surfaces opposing BF demonstrated that the surface is rather smooth and has few scratches. Table 4 shows a comparison of the areas of wear of the enamel surfaces that were opposite the various upper specimens; the areas were calculated after 20,000 cycles. The data for CF, MC, and LP are from our previous study 7) . CF showed significantly higher wear than did the other materials (FS, BF, LP, and MC) (p<0.001). There was no significant difference between FS and LP. However, there was a significant difference between FS and MC (p=0.015). There were also significant differences between BF and the other three materials (FS, LP, and MC) (p<0.001, p<0.001, and p=0.001, respectively). Figure 6 is a scatter plot that shows the widths and depths of the cracks on the worn enamel surfaces opposite the upper specimens. The data for CF, LP, and MC were taken from our previous study 7) . The cracks on the worn enamel surfaces opposite the FS and BF specimens were narrow and shallow. In contrast, the LP specimens exhibited a tendency to cause deeper and wider cracks than did the FS, BF, CF, and MC The LP specimens exhibited complex 3D shapes of wear, while the FS specimens exhibited simple 3D shapes. Fig. 5 Images of the worn enamel surfaces that were opposite the upper specimens, obtained using color 3D laser microscopy. The dark and bright zones represent the unworn and worn areas of the enamel surfaces, respectively. Scale bar=500 μm. The images for LP and MC were taken from our previous study. Table 5 shows the rankings given to CF, LP, MC, FS, and BF on the basis of their characteristics. LP and MC had been assigned high scores, and CF had been assigned a low score in our previous study 7) . However, when the five materials were compared in the present study, FS as an upper-specimen material received an overall ranking of 1. LP and MC as upper-specimen materials also received an overall ranking of 1. BF as an upper-specimen material received an overall ranking of 4. FS as a lower-specimen material received an Fig. 6 Scatter plot of the widths and the depths of the cracks formed on the wear enamel surfaces that were placed opposite the upper specimens. The scatter plots of the width and depth of the cracks yielded the regression equations. †: These were cited from reference 7. There was no significance difference between the regression equations. The cracks formed on the wear enamel surfaces opposite the CF, MC, FS, and BF specimens were narrow and shallow. In contrast, LP exhibited a tendency to cause deeper and wider cracks. : The specimens exhibited complex 3D shapes of wear. † † : The LP specimens exhibited a tendency to cause deeper and wider cracks than did the CF, MC, FS, and BF specimens. Rank scale: 1=least wear and 5=most wear. Similar ranks indicate no statistical difference. Each material was assigned a ranking on the basis of the parameters used to assess the wear characteristics. The areas of wear and the volumetric losses of the upper FS and BF specimens, and the areas of wear and the cracks on the wear enamel surfaces in the cases of the lower FS and BF specimens were compared with the data from our previous study. LP and MC had both obtained high rankings, and CF had obtained a low ranking in the previous study.
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overall ranking of 1. BF as a lower-specimen material received an overall ranking of 4. LP and MC as lowerspecimen materials obtained an overall ranking of 1 and 3, respectively. Finally, CF as lower-specimen materials also obtained an overall ranking of 5.
DISCUSSION
The method employed for determining the VL values from the worn area of the specimens has been described elsewhere and is based on the assumption that the VL value is almost the same as the volume of the contact lens-like portion that does not include any cracks 9) . The area of wear was observed at the projection of the sectional area that was seen axially; the VL value was calculated by measuring the worn area and the height at which the material was denuded from the tip of the hemispherical upper specimens to the lowest point of the remaining material 9) . In this study, we observed the shapes of wear of the specimens as images showing the VL in a 3D manner. Further, the resulting images also indicated the deepest points on the worn surfaces as well as whether the surfaces contained cracks; hence, LP exhibited a complex 3D shape of wear, which contained cracks, so LP was clearly more breakable than FS. Thus, the 3D images allowed us to see the wear practically and to determine the changes in the materials. Moreover, if a specimen contains cracks, micro-CT 3D images showing the VL allow accurate observations of the wear.
In our previous study, we had found that the TMPT filler-containing resins product MC exhibited the smoothest wear surface, with the surface containing few cracks 7) . In addition, it was reported that the microfiller composites MC demonstrated significantly less wear than the hybrid and micro hybrid composite 8) . Suzuki and Leinfelder have reported that carbon double bonds are formed on the surfaces of TMPT particles when TMPT is used as a filler; these bonds can react with the resin matrix monomers, improving filler retention 11) . An improved wear resistance of composite resins was reported to be achieved by containing TMPT filler 12) . It is therefore likely that the TMPT particles that are present in the composite resin FS form carbon double bonds that prevent the particles from being dislodged, resulting in a smooth surface and few facets, as is the case with MC. However, a few facets were seen in the BF specimens even though they contained TMPT. BF is a modified 4-META/MMA-TBB resin, contains less than 10% TMPT, and has MMA as the main monomer, as shown in Table 1 .
The brush-dip technique means that powder and liquid are mixed with the brush. However, as the brushdip technique was used for preparing the specimens, the TMPT content in the BF specimens seemed to be much lower than 10%. Therefore, in the case of BF, owing to its low TMPT content, the report of Suzuki et al. was not related. It is likely that this is the reason why a few facets were seen in the BF specimens of filler content and monomer type than in the FS and MC specimens of filler content and monomer type.
4-META/MMA-TBB resins are usually used for bonding the tooth structure and restorative materials. It is also used in direct restorations 13) . 4-META/MMA-TBB resins have low wear resistances 13) . BF contains TMPT as the filler, which can be expected to affect both the bonding characteristics and the wear resistance of the resin 14) . During the comprehensive evaluation, as shown in Table 5 , BF as a lower-specimen material received an overall ranking of 4. The cracks on the worn surface of the antagonistic enamel during the ISWT of BF were narrow and shallow, and resulted in smoothly worn enamel surfaces. However, the area of worn enamel was bigger than in the case of the light-cured resins LP, MC, and FS. BF as an upper-specimen material also received an overall ranking of 4. The wear resistance of BF was higher than that of the chemically cured composite resin CF but lower than those of the light-cured composite resins LP, MC, and FS. BF exhibited a complex 3D shape of wear that was suggestive of fragility when stressed for long periods. Therefore, BF might not be suitable for full crown restoration of primary molars.
During the comprehensive evaluation, as shown in Table 5 , FS as an upper-specimen material received an overall ranking of 1. LP and MC as upper-specimen materials both also received an overall ranking of 1. FS exhibited a low area of wear as well as low volumetric loss; these values were similar to those of LP and MC. It is likely that FS is not fragile, because it exhibited smooth wear surfaces, and these surfaces contained few facets. It can also be assumed that FS remains stable even when stressed for long periods, exhibiting high wear resistance; these results were similar to those for MC. In contrast, LP can be considered more breakable than FS, because LP exhibited a complex 3D shape of wear that contained irregularities and facets on the worn surfaces. These upper-specimen results suggest that FS can be considered a more appropriate material for full crowns for primary molars than LP. It has been reported that the wear resistance of a composite is affected by its total filler content 15) and by the silanization method of the filler (i.e., by the silane-coupling agent that is used between the resin matrix and the filler interface) 16) . The results of the present study were not what one would expect on the basis of the filler contents of the materials tested. In addition, it is known that the mechanical properties of polymeric composite materials depend critically upon the conditions of the interfaces formed between the surfaces of the inorganic filler particles and the polymerized organic resin in which the filler particles are embedded 16) . In addition, the resin matrix (i.e., the monomer structure) has a significant effect on the mechanical properties of composite resins 17) . We suggest that the wear resistance of composites is influenced by the method of silanization of the filler and the resin matrix, but not by the total filler content.
During the comprehensive evaluation, as shown in Table 5 , FS as a lower-specimen material received an overall ranking of 1, while LP and MC as lowerspecimen materials received overall rankings of 1 and 3, respectively. However, LP showed a tendency to cause deeper and wider cracks, and resulted in deeper scratches on the wear surfaces of the antagonistic enamels than did FS. As the reason that a difference was shown in FS and MC in lower specimen ranking, the MC's area of wear enamel surfaces on lower specimens was significantly bigger than FS. As a result, lower specimen ranking was observed as a significant difference. These areas of wear on lower specimens of the enamel surfaces were influenced by wear outline on upper specimens. The MC among three composite resins such as MC, LP and FS was shown the tendency of big area of wear on upper specimens. FS group scored the lower wear area, this can be attributed to the presence of strontium glass imbedded in the resin matrix. This ingredient might have affected the wear behavior of upper and lower FS specimens. Thus, FS caused the least damage to the antagonistic primary enamel. It has also been reported that the abrasion of enamel by composite resins is affected by the size of the filler particles 18, 19) , the hardness (quality) of the filler material 9, 18, 20, 21) , and the strength of the matrix/filler bonding 18) . It usually assumed that fillers with particles that are spherical and small cause less damage to the enamel of permanent teeth than do those with irregular and large particles. Thus, the sizes and forms of the filler particles varied significantly. These factors did not have an effect on the degree of abrasion of enamel. It has been reported that resins containing quartz-based fillers tend to damage the enamel of permanent teeth 9, 18, 19) . Moreover, during the wear process, the filler particles dislodge from the resin matrix, becoming abrasive and accelerating the wear of the enamel 9) . Further, even if the particles were to become dislodged during testing, TMPT is an organic material and is soft. Therefore, MC, FS, and BF are likely to cause fewer scratches to the antagonistic primary enamel than LP and CF. We suggest that the degree of abrasion of enamel by composite resins is affected by the hardness (quality) of the fillers and by the strength of the matrix/filler bond but not by the size and shape of the filler particles.
To summarize, FS exhibited a simple shape of wear that were suggestive of a higher wear resistance than that of LP. Further, FS caused the least damage to the antagonistic primary enamel. These results suggest that the light-cured composite resin product FS might be a more appropriate resin for the full crown restorations of primary molars. Further, the 4-META/MMA-TBB resin product BF might not be ideal for use in the full crown restoration of primary molars.
